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Abstract 
This thesis explores the factors that affect the price of dried distillers’ grain with solubles 
(DDGS) in Iowa. Past studies focused on providing a descriptive analysis of DDGS prices, risk 
management practices or analyzing regional DDGS price differences. Time series methods are 
used to investigate the presence of a cointegrating relationship between weekly DDGS prices, 
soybean meal prices and corn prices in Iowa. The corn and soybean meal prices used in the 
analysis are spot prices rather than futures prices. When seasonality in the data is controlled for, 
a cointegrating relationship between the three price series is found and a Vector Error Correction 
model (VECM). Additionally, weak exogeneity testing shows that corn is weakly exogenous. 
The cause of this finding may be differences in the ease of storing the three commodities. 
Granger causality gives insight into the direction of causality between the three price series. 
Impulse response functions are also included in the analysis. The VECM that is fit to the data 
also demonstrates value as a forecasting tool at up to four time horizons. 
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1. INTRODUCTION                                         
1.1 Background          
 Ethanol production has become an increasingly relevant part of the agricultural industry 
in the United States. About 34 percent of the 2013/14 marketing year corn crop was used as 
feedstock for ethanol production (Table 1). As ethanol production has increased, the importance 
of distiller’s grain in the livestock and poultry feed ration has grown. Distillers’ grain is a co-
product of ethanol production and as ethanol production has rapidly increased so has the supply 
of distillers’ grain. It has long served as a component in the livestock and poultry feed ration, but 
the ethanol boom has increased its importance due to the large amounts of corn being diverted 
from the feed ration to the ethanol industry. The nutritional restrictions of the animals being fed 
and economic considerations constrain the usage of distiller’s grain in the feed ration. 
 The motivation of this analysis is to provide information to decision makers such as 
marketers and buyers of distillers’ grain. Distillers’ grain has come to represent a large portion of 
ethanol producers’ revenue and is frequently used by meat producers in their feed rations. Irwin 
and Good (2015) show that distillers’ grain prices can have a large impact on ethanol producers’ 
margins, especially when the price of ethanol is low. The market for distillers’ grain is relatively 
opaque compared with the market for corn, soybean meal and ethanol. This is due to the lack of a 
liquid DDGS futures contract for price discovery and the newness of the market. The rise in 
DDGS production has introduced many new participants to this market, and there is still 
considerable debate about what factors drive the price of DDGS. In particular, until recently 
there was a widespread discussion on whether protein prices, such as soybean meal prices, were 
an important driver of the price of DDGS. Corn can be stored for long periods of time while 
soybean meal and DDGS cannot be. This may impact the market since spot corn prices will be 
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linked more strongly to future corn prices due to the ability of traders to arbitrage out shortages 
and gluts through storage. All of this leads to a need for clarity that can be provided by research 
that examines the dynamics of the DDGS market. The ethanol and meat industries have 
historically gone through many periods of thin margins necessitating careful buying and selling 
decisions. Frequently, the participants who are best able to maximize revenues and minimize 
costs survive these periods of thin margins while participants with a poor understanding of the 
markets go out of business. Industry participants could benefit from short-term DDGS price 
forecasting tools that would assist them in making real time trading decisions that could improve 
their margins in difficult periods.  
1.2 Objectives         
 Limited research exists that investigates the factors that drive the price of distillers’ co-
products such as dried distillers’ grain with solubles (DDGS.) Earlier works cover three areas of 
research. The first set of studies examines the factors affecting the price of DDGS but do not use 
time series methods. Their reliance on OLS regression, while modeling time series data may lead 
to the problem of spurious regression. The second group of studies focuses on examining the 
effectiveness of cross hedging DDGS with corn or soybean meal futures. Most of these studies 
also use OLS regression. The last group of studies examines the presence of cointegration 
between DDGS and corn. The majority of the studies were published before 2012 meaning that 
they do not incorporate recent data. There is also a tendency to use futures prices instead of using 
spot prices or to focus on regional pricing dynamics in the DDGS market. This study will show 
whether cointegration exists between the spot prices of corn, soybean and DDGS. This has not 
been performed in recent studies. Spot prices will be used in this analysis because distillers’ 
grain is frequently traded over the counter and it allows the analysis to ignore any issues with 
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basis that may emerge when corn and soybean meal futures prices are used. If a long-run 
equilibrium exists between the Iowa spot prices of corn, soybean meal and DDGS it would allow 
industry participants to examine whether the commodities are overvalued or undervalued relative 
to each other. This would give them insight into the long-term direction of prices and how their 
margins are likely to change in the future.  If such a relationship exists determining the direction 
of causality between the three commodities is also of interest, something that should prove 
valuable to researchers and industry professionals. The model will also allow us to see if any of 
the commodities are weakly exogenous. If we determine one of them is weakly exogenous it 
would mean it is the primary source by which long-run shocks are introduced into the long-run 
equilibrium, while the other variables adjust the system back to equilibrium. Graphs of the 
impulse response functions will be included. The final model will also be tested to see if it is an 
effective tool for short-term price forecasting. Previous studies have not sought to examine the 
forecasting potential of any models of DDGS price. A short-term forecasting tool for DDGS 
prices would be an asset for market participants who make buying and selling decisions on a 
daily basis. 
1.3 Data and Methodology         
 The data that will be used in this analysis consists of weekly spot prices of dried distiller 
grain with solubles (DDGS) FOB at Iowa ethanol plants, corn prices FOB at Iowa ethanol plants, 
along with soybean meal prices FOB Iowa soybean processing facilities from the week ending 
April 20, 2007 to the week ending December 12, 2014. The DDGS and corn prices were 
acquired from the Iowa Ethanol Plant Report and its successor the National Daily Ethanol Report, 
both of which are from the USDA Agricultural Marketing Service. Soybean Meal prices were 
acquired from the Iowa Soybean Processor Report from the USDA Agricultural Marketing 
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Service. The soybean bean meal and DDGS prices are in dollars per short ton, and the corn 
prices were converted to dollars per short ton from dollars per bushel. Data from Iowa is used 
because the state produces more ethanol than any other state according to the Nebraska Energy 
Office (2015). 
Time series methods commonly used to analyze the relationship between different price 
series will be utilized to accomplish the research objective. Unit root tests will be performed to 
determine the order of integration of each of the price series. Testing for cointegration and fitting 
a model that is appropriate based on the findings will then be completed. Granger causality 
testing will be used to determine the direction of the causality and to corroborate the results of 
the cointegration tests. 
1.4 Overview           
 This thesis is organized into chapters. Chapter 2 explains the ethanol production process 
of which DDGS are a co-product. It goes on to provide an overview of the existing literature in 
the field of animal science to provide the reader insight into how livestock and poultry producers 
use DDGS. Chapter 3 examines the current economic literature on DDGS prices. The three 
primary areas of research are descriptive analysis of the drivers of DDGS prices, research into 
DDGS price risk management and an overview of studies that examine whether cointegration 
exists between DDGS prices and feed grains. Chapter 4 looks at the economic theory 
surrounding substitutes and production inputs and explains the empirical techniques that will be 
used including OLS regression, unit root tests, lag selection procedures, cointegration testing, 
VAR models, VECM models, Granger causality testing and methods that demonstrate 
forecasting accuracy. Chapter 5 reports the model results and discusses their implications. 
Chapter 6 examines the limitations of our study and discusses opportunities for future work.   
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2. DISTILLERS’ GRAIN IN THE FEED RATION                            
2.1 Introduction          
 This chapter contains relevant background information related to DDGS. Section 2.2 
details the ethanol production process of which DDGS are a co-product. Section 2.3 delves into 
the animal science behind the feeding of DDGS to a number of different species. Section 2.4 
gives a detailed description of the distillers’ grain balance sheet. It also examines the amount of 
DDGS in the feed ration and looks at estimates of what commodities they are replacing. Section 
2.5 provides a summary. 
2.2 Ethanol Production         
 There are two primary methods of producing ethanol from starch or sugar-based 
feedstock—dry milling and wet milling. The main difference between these two techniques is 
how the grain is initially treated. Most ethanol plants in the United States utilize the dry milling 
process.  This process typically converts a bushel of corn into about 2.8 gallons of ethanol and 17 
pounds of distillers’ grain according to the Renewable Fuels Association (RFA). Plants using the 
wet milling technique represent a smaller section of the ethanol industry. The co-products from 
the wet milling technique are corn gluten feed, corn gluten meal, and corn germ meal.  The vast 
majority of ethanol plants in the United States currently use corn as their primary production 
input (RFA, 2014).  
 The wet milling ethanol production process begins with the grain being “steeped” or 
soaked for 24 to 48 hours in water and diluted sulfuric acid. The product of this initial process is 
called ”slurry.” The slurry is then processed through grinders in order to separate out the corn 
germ. Corn oil from the corn germ is either separated on-site or sold to a third party, which 
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performs the corn oil separation procedure. The remaining fiber, gluten and starch are further 
separated. The steeping liquor is concentrated and then co-dried with the fiber component before 
it is sold as corn gluten feed. Dense steep water is sold alone and has use as an animal feed 
ingredient and as an environmentally friendly replacement for road salt. The gluten component is 
filtered and dried before being marketed as corn gluten meal. The remaining starch is fermented 
and transferred to distillation columns. In the distillation columns, the ethanol is separated out 
and then it is mixed with denaturant, which renders it unfit for human consumption (RFA, 2014). 
In dry milling, the feedstock is ground into a meal and then mixed with water to create 
what is known as a mash. Enzymes and ammonia are added before the mash is put into a high 
temperature cooker to kill bacteria. Afterwards, the mixture is cooled, and yeast is added to begin 
fermentation, which takes place over 40 to 50 hours. The mixture is then transferred to 
distillation columns to separate the ethanol out from the remaining parts, which are known as 
stillage. The ethanol is then blended with denaturant, a chemical that renders it unfit for human 
consumption. The stillage is then sent through a centrifuge that separates the coarse grain out, 
and the remaining solubles are condensed through evaporation. The product of this drying 
process is called Condensed Distillers’ Solubles (CDS.) Afterwards, the CDS are mixed back in 
with the coarse grain that was initially removed, this mixture is then dried to form the final 
product: dried distillers’ grain with solubles (DDGS) (RFA, 2014). If this drying process is 
omitted, then the product is called wet distillers’ grains (WDG.) DDGS have a less beneficial 
nutritional composition than WDG due to the drying process. WDG can typically be included in 
the feed ration at higher inclusion rates than DDGS but can only be fed to animals in the 
immediate geographic area around the ethanol plant. The moisture content of WDG makes them 
difficult to transport and gives them a short shelf life, which prevents them from being marketed 
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to livestock and poultry producers far away from the ethanol plant where they are produced.  
This thesis will only consider DDGS because they have access to a wider market than WDG. 
2.3 Animal Science behind DDGS Replacement of Corn and Proteins   
 DDGS have a long history of being used as substitutes for soybean meal and corn in the 
livestock and poultry feed ration. Factors such as nutritional restrictions and price drive the 
amount of DDGS that is substituted into the feed ration for corn and soybean meal. This section 
will focus on issues relating to the nutritional content of DDGS and explain how these issues 
impact the amount of DDGS that can be included in the feed ration. 
DDGS are a mid-protein feed that can serve as a source of protein or as a source of 
energy in the feed ration (Hoffman and Baker, 2007). DDGS have less protein value than 
soybean meal, but slightly higher energy value than corn. Ruminant animals1 have a higher 
potential for DDGS use than monogastric2 animals. DDGS have high sulfur, calcium and 
phosphorus content. The high sulfur content can prove problematic if it exceeds a certain 
threshold. Cattle that are consuming more than 0.4 percent sulfur from feed or water may 
contract polioencephalomalacia3 (Berger and Good, 2007). In regions where the forage or water 
consumed by cattle is high in sulfur, producers exercise caution when using DDGS in feed 
rations. DDGS inclusion in the feed ration may eliminate the need for costly phosphorus 
supplements to be added (Tjardes and Wright, 2002). The higher sodium content of DDGS may 
cause issues as well such as wet litter or dirty eggs in poultry (Hoffman and Baker, 2007).   
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Ruminants are mammals that have four compartments in their stomachs (e.g. cattle, goats and sheep.)  
2 Monogastric animals have a simple single chambered stomach (e.g. hogs, poultry and horses.) 
3 Polioencephalomalacia is neurological disease that affects ruminant animals.	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It is extremely important to understand that the actual nutritional content of DDGS 
produced by an individual ethanol plant varies from batch-to-batch. The ethanol production 
process leads to the concentration of the characteristics of the corn. This means undesirable 
mycotoxins found in the corn used as feedstock for ethanol production become concentrated by a 
factor of three during the production process. Mycotoxins may be pathogenic to both livestock 
and humans, so the U.S. Food and Drug Administration (FDA) encourages testing (FDA, 2006). 
Ethanol producers have begun to expend a high amount of effort to standardize the nutritional 
content of the DDGS they produce, but issues still exist. Feeders are encouraged to sample the 
batches of DDGS they purchase to ensure that they have a comprehensive understanding of 
nutritional content at the batch level (Shurson and Alghandi, 2008). 
The amount of DDGS that can be included in the ration varies a good deal depending on 
what kind of animal is being fed. A number of studies have been conducted that provide 
guidelines for the amount DDGS that may be included in different types of livestock and poultry 
feed. Beef cattle continue to represent the majority of domestic DDGS usage. The primary diet 
of beef cattle is typically forage, but they require supplemental energy, protein and phosphorus to 
grow at optimal rates. A number of factors make DDGS an excellent substitute for corn in the 
beef cattle feed ration. In many cases the inclusion of DDGS in the feed ration has the potential 
to lead to an improvement in performance, which can lead to increases in profitability (Hoffman 
and Baker, 2007). The nutritional composition of DDGS may cause fewer issues with digestive 
upsets in beef cattle compared with other feed grains such as corn.  Inclusion in beef cattle feed 
rations is possible for calves, wintering cows and feed cattle; although, according to Eriksen et al. 
(2007), growing and finishing cattle provide the biggest opportunity for high rates of DDGS 
inclusion. Inclusion of DDGS in the feed ration does not lead to any adverse changes in the beef 
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carcasses or quality of the meat. The optimal inclusion of DDGS in beef cattle feed rations is 20 
percent (U.S. Grains Council, 2007). 
Inclusion of DDGS in dairy cow feed offers an excellent supplemental source of protein, 
fat, phosphorus and energy. DDGS lead to fewer occurrences of digestive upsets and fewer sub-
acute ruminal acidosis (SARA) occurrences4 compared to diets using grain such as corn. The 
protein content of DDGS is good, but dairy cows require high amounts of the amino acid lysine. 
Blending of DDGS with high lysine supplements can prove beneficial. Studies have suggested 
that using DDGS instead of soybean meal in dairy cattle feed rations leads to the same or higher 
milk output. Dairy producers use DDGS as a protein more than beef producers do. Inclusion 
rates of 20 percent can be achieved without detrimental affects on the quantity and quality of 
milk being produced. At higher rates DDGS has no nutritional advantage  (U.S. Grains Council, 
2007). 
DDGS can be fed to swine in multiple phases of production—including gestation, 
lactation, nursery, growing and finishing. The use of DDGS in hog production can prove more 
problematic than its usage in beef and dairy cattle feed rations because hogs have difficulty 
digesting the fiber content in DDGS. The corn oil present in DDGS also has the potential to have 
a negative impact on the meat quality of swine, although recently it has become more common 
for corn oil to be separated out and marketed separately. The high phosphorus present in DDGS 
may allow feeders to reduce the amount of supplemental phosphorus they have to purchase for 
inclusion in the feed ration. The recommended maximum inclusion rate in swine diets is 
dependent on what life stage the animal is in (Hoffman and Baker, 2007). According to Stein 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 SARA is a digestive disorder that is estimated to cost the North American dairy industry between $500 
million and $1 billion annually according to the Canadian government. 
http://www.omafra.gov.on.ca/english/livestock/dairy/facts/03-031.htm 
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(2008), approximately 30 percent is a good maximum for all life stages except for gestating sows 
where up to 50 percent inclusion is possible. A number of studies have been conducted and there 
is still a lack of consensus what the maximum inclusion rate should be at some life stages. 
DDGS serve as a valuable source of protein, energy and phosphorus to poultry. The high 
amounts of phosphorus present in DDGS are particularly beneficial since phosphorus is one of 
the most expensive portions of poultry feed. DDGS inclusion can lead to overconsumption of 
sodium in poultry, which causes production problems (Bregendahl, 2008). Layers have been 
shown to benefit from DDGS inclusion at rates of up to 20 percent. Starting diets of broilers 
should contain no more than 6 percent DDGS due to the potential for under consumption of 
amino acids. Later, finishing diets can contain up to 15 percent (Lumpkin et al., 2005). 
Turkey can be feed up to 15 percent DDGS with no negative impact on production. It is 
recommended that young turkey broilers receive lower amounts of DDGS than mature birds. 
There is a limited amount of research about the animal science of DDGS inclusion in the turkey 
feed ration (U.S. Grains Council, 2007). 
2.4 DDGS Usage and Aggregate Substitution Rate     
 The rapid growth in the production and usage of distillers’ grain in the United States over 
the past 15 years has been remarkable. Table 1 provides a balance sheet that details DDGS 
supply and disappearance in the United States from the 2000/01 marketing year through the 
2014/15 marketing year5. Ethanol plants in the United States produced 39.2 million short tons of 
DDGS during the 2013/14 corn marketing year6 according to the USDA. Ten years before in 
2004/05 they only produced 6.3 million metric tons. Figure 1 provides a visualization of the 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 The 2014/15 marketing year is estimated by the USDA. 
6 The marketing year for corn is from September to August. 
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growth in DDGS production. Another source of distiller’s grain is beverage distillers. Looking at 
Table 1 and Figure 1 we can see that the distiller’s grain being produced by beverage distillers 
has been nearly constant during the period examined. Imports of DDGS have increased but have 
never represented more than 1.5 percent of supply. It is clear that the supply of distillers’ grains 
has increased rapidly over the past 15 years and that this growth has been driven primarily by 
increasing production from ethanol plants. Over the past five years, ethanol plants have produced 
at least 95 percent of the supply of DDGS in the United States. 
 The disappearance of distillers’ grain in the United States can also be seen Table 1. 
Figure 2 provides a visual representation of the two categories that make up disappearance, feed 
and residual; and exports. The amount of distillers’ grain being fed to livestock and poultry has 
grown substantially over the last ten year; from 7.2 million short tons in 2003/04 to 27.7 million 
short tons in 2013/14. A strong export market for distillers’ grain now exists as well. The United 
States exported 13.2 million short tons of distillers’ grain in 2013/14 while ten years before, in 
2003/04, no exports were reported. 
It is important to understand the role that DDGS is playing in the feed ration because it 
reveals whether energy feeds like corn and sorghum or protein feeds like soybean meal are being 
displaced. As the amount of DDGS produced has increased, the primary purpose they serve in 
the feed ration has evolved. According to the U.S Grains Council (2007), “Distillers’ grains 
provide an excellent protein source for cattle, but as supplies increase, a greater amount is being 
used as an energy source, replacing grain (primarily corn) that is being used as a feedstock for 
ethanol plants.” The inclusion rate of DDGS in the feed ration determines what function they are 
serving in feed ration and whether they are replacing energy feed or protein feed. For example, in 
beef cattle DDGS serve as a protein source for the animal when cattle producers have an 
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inclusion rate below 20 percent. When the inclusion rate is higher than 20 percent, DDGS serve 
as a source of energy (Erickson et al., 2007).  
The USDA does not release data that indicates which sectors of the livestock and poultry 
industry are using DDGS. This makes it difficult to estimate how much corn and soybean meal is 
being displaced by DDGS on an aggregate level. Baker and Hoffmann (2007) provide 
estimations of the species specific consumption of DDGS and of how much corn and soybean 
meal the DDGS are displacing at a species specific level. They use data from a NASS survey on 
species specific consumption conducted in 2007 as a baseline and calculate the feeding potential 
of each species based on the animal science literature. Then they allocate increases in the amount 
of DDGS fed to the species based on the percentage of future feeding potential. This method 
provides good estimates of the species specific consumption of DDGS through the 2011/12 
marketing year. DDGS disappearance in the feed and residual category fell over the next two 
years making their approach impractical to use after the 2011/12 marketing year. 
Hoffman and Baker (2007) use two alternatives to estimate how much corn and soybean 
meal a pound of DDGS displaces at a species level. In this section, the first alternative, which is 
the most conservative, will be described to give the reader an idea of the substitution on an 
animal specific level. According to alternative 1, DDGS replaces corn on a one-to-one basis in 
beef cattle and replaces virtually no soybean meal. For dairy cattle, one pound of DDGS replaces 
0.45 pounds of corn and .55 pounds of soybean meal. In swine production, one pound of DDGS 
replaces 0.89 pounds of corn and 0.10 pounds of soybean meal. Finally, one pound of DDGS 
replaces 0.51 pounds of corn and 0.50 pounds of soybean meal based on a weighted average for 
all poultry. 
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Baker and Hoffman (2007) use the estimated amount of DDGS consumed by each 
species and the estimation of the amount of corn and soybean meal each pound of DDGS 
replaces for each species to calculate an aggregate substation rate. Beef and dairy account for 
over 85 percent of estimated DDGS usage in 2010/11 and thus drive most of the aggregate 
number. Alternative 1 estimates that one pound of DDGS replaces 0.84 pounds of corn and 0.16 
pounds of soybean meal, while alternative 2, the less conservative estimate, calculates that one 
pound of DDGS replaces 1.03 pounds of corn and 0.19 pounds of soybean meal on an aggregate 
basis.  
2.5 Summary           
 The aim of this chapter is to present the reader with an overview of the processes by 
which distillers’ grains are produced, the animal science involved in feeding distillers’ grain and 
its place in the feed ration across a range of different animals. This chapter provides the reader 
with an understanding of the connection between DDGS, corn and soybean meal. The nutritional 
restrictions associated with including distillers’ grain in the feed ration may be an issue for 
feeders, but it is interesting to note that on an aggregate level distillers’ grain still has plenty of 
room for further inclusion before the nutritional restrictions become an issue. Baker and 
Hoffman (2007) find that on an aggregate basis one pound of distillers’ grain also has the 
potential to replace more than one pound of corn and 0.19 pounds of soybean meal. All of this 
evidence suggests that distillers’ grain has more nutritional value than corn. Historically, protein 
feeds are also priced higher than energy feeds. It is interesting then that DDGS are typically 
cheaper than corn. The reasons for this are not well understood. It is possible that the negative 
components of distillers’ grain such as high sodium and sulfur content may reduce their value 
significantly. Another possibility is that participants are still learning how to efficiently use 
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distillers’ grain in the feed ration. Moving forward this analysis will examine the connection 
between DDGS, corn and soybean meal will be explored in the context of the relationship 
between their prices. 
Section 2.2 explains the ethanol production process. DDGS is a common ethanol co-
product. The wet milling process is described. The fiber, gluten and germ are separated out and 
processed so they can be sold. The remaining starch can be fermented into ethanol. The dry 
milling process, which is the most common method by which ethanol is produced is explained in 
detail. The feedstock (typically corn) is processed to form a mash. The mash is further processed 
to separate out the stillage.  Stillage is then sent through a centrifuge separating it into coarse 
grain and solubles. The solubles are condensed and then mixed with the coarse grain to form 
DDGS.  
Section 2.3 explains the animal science behind the feeding of DDGS to a variety of 
livestock and poultry. In general, DDGS serves as a protein or as an energy in the feed ration. 
Ruminant animals, such as beef cattle, have higher inclusion potential of DDGS than 
monogastric animals, such as hogs. DDGS are rich in phosphorus potentially eliminating the 
need to supplement feed with costly sulfur supplements. The high sulfur and sodium content of 
DDGS has the potential to cause digestive problems in some species. Mycotoxins in corn 
become concentrated during ethanol production and are present in higher levels in the resulting 
DDGS. Each batch of DDGS produced at an ethanol plant will have a slightly different 
nutritional composition. It is important for feeders to test the DDGS they purchase and have an 
excellent understanding of potential issues. 
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Section 2.4 details the balance sheet of DDGS and reviews an estimation of the aggregate 
amount of corn and soybean meal being displaced by DDGS. The supply of distillers’ grain is 
examined. The growth in supply is attributed to the increase in ethanol production. Beverage 
distillers are no longer the primary source of distillers’ grains. Production by beverage distillers 
has remained virtually constant. Imports only play a small role in overall supply. The majority of 
the disappearance of distillers’ grain can be attributed to the domestic livestock and poultry 
sector, but a strong export market for distillers’ grain has also emerged. Although a good source 
of information that shows what portion of the consumption of distillers’ grain can be attributed to 
which species does not exist, a review of the work of Baker and Hoffman (2011) is completed to 
help the reader get a general idea of which sectors represent the largest part of demand. They 
also come up with two estimates of the aggregate substitution rate. Alternative 1 estimates that 
one pound of DDGS replaces 0.84 pounds of corn and 0.16 pounds of soybean meal. Alternative 
2, the less conservative estimate, calculates that one pound of DDGS replaces 1.03 pounds of 
corn and 0.19 pounds of soybean meal on an aggregate basis. 
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3. LITERATURE REVIEW                
3.1 Introduction          
 This chapter examines publications and academic literature pertinent to our investigation 
of DDGS prices. Section 3.2 reviews basic studies that provide an overview of the factors that 
influence the price of DDGS. Section 3.3 examines publications and academic literature that 
seek to understand DDGS price risk management and price discovery. Section 3.4 gives an 
overview of research that examines whether the price relationship of different feed grains and 
DDGS is cointegrated. Section 3.5 contains a summary. 
3.2 Studies on Factors Affecting the Price DDGS       
 The two studies reviewed in this section provide useful overviews of the factors affecting 
the price of DDGS. The empirical analysis used in both of these studies does not control for or 
address issues frequently encountered when analyzing time series data. The studies still 
contribute by providing focused descriptive analysis of the factors affecting the price of DDGS. 
The US Grain Council (2007) provides an overview of the factors that affect the price of 
DDGS in their DDGS handbook. It is noted that DDGS are unique in that they are both a high 
energy feed and a mid-protein feed. The price of DDGS is affected by corn price, soybean meal 
prices, export demand, import tariffs, the seasonality of domestic demand and transportation 
costs. They assert that the economic and nutritional value of DDGS is more similar to corn than 
to soybean meal even though DDGS has traditionally been thought of as a protein meal. Through 
fundamental analysis of price graphs, the close relationship between the market prices of corn 
and DDGS is shown. 
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Hoffman and Baker (2010) also set out to examine the price relationship between DDGS, 
corn and soybean meal. The data used is spot prices in Central Illinois/Eastern Cornbelt. They 
found that monthly DDGS prices for Central Illinois were typically priced at a premium to corn 
prices for the period from May 1995 to August 2006. From August 2006 until July 2010 when 
the paper was written, DDGS were priced at a discount to corn prices on average. During the 
first period, they also found that the price of DDGS relative to soybean meal was slightly higher 
than it was during the second period. This corroborates the theory that since the boom in ethanol 
production DDGS are displacing primarily corn in the feed ration, meaning they have a closer 
price association with corn than with soybean meal.  
Hoffman and Baker model the price of DDGS by regressing it on corn and soybean meal 
in two different time periods, May 1995 to August 2006 and September 2006 to July 2010. The 
regression is performed to determine whether DDGS prices are influenced by the corn and 
soybean prices. The model has a high adjusted R-square in both of the periods. The first 
regression has an adjusted R-square of 0.98, which indicates that the regression explains 98 
percent of the variation of DDGS price from May 1995 to August 2006. The second regression 
has an adjusted R-square of 0.97, which indicates that the regression explains 97 percent of the 
variation of DDGS price from September 2006 to July 2010. This is evidence that the prices of 
corn and soybean meal explain a great deal of the variation in the price of DDGS. In all of the 
cases, they find that the coefficients are significant at α=0.05 level. The coefficient of the corn 
price variable is 0.77 in both of the regressions. The coefficient of the variable soybean meal 
price is 0.14 in the first period and 0.05 in the second. During the first period, the regression 
predicts that the price of DDGS will increase by $0.77 for every $1.00 increase in the price of 
corn and that the price of DDGS will increase by $0.14 for every $1.00 increase in the price of 
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soybean meal. During the second period, the regression predicts that the price of DDGS will 
increase by $0.77 for every $1.00 increase in the price of corn and that the price of DDGS will 
increase by $0.05 for every $1.00 increase in the price of soybean meal. The results suggest that 
the impact of soybean meal prices on DDGS price has been reduced in the second period. This 
corroborates the notion that while DDGS used to be used and priced as a protein meal, it is now 
being used more widely as an energy feed. They also perform a basic correlation analysis and 
find that regional DDGS prices are highly correlated. This suggests that the DDGS market 
operated efficiently over the time period they examined. 
Irwin and Good (2013) also examine the factors that affect DDGS prices. They use 
weekly Iowa spot prices of DDGS, corn and soybean meal reported by the USDA from January 
26, 2007 through July 5, 2013. They fit a simple linear regression model to the data. The 
regression predicts that the price of DDGS will increase by $0.85 per ton for every $1.00 per ton 
increase in the price of corn and that the price of DDGS will increase by $0.11 per ton for every 
$1.00 per ton increase in the price of soybean meal. The model has an R-square of 0.92, which 
suggests that it explains 92 percent of the variation in the price of DDGS during the period 
modeled. However, the standard error of the regression is $16.75, which they admit is relatively 
high. 
A recent work by Irwin and Good (2015) suggests that the relationship between soybean 
meal prices and DDGS prices might have changed during the period of high protein prices that 
existed from January 2011 until September 2014. They use an interaction term that allows the 
coefficient of soybean meal to differ during the period of high protein prices. They also 
incorporate monthly seasonal indicator variables into their model. The data is Iowa spot prices 
from March 13, 2007 to March 6, 2015. They find that the coefficient of corn price is $0.66 
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indicating a $0.66 increase in the price of DDGS when corn price increases by $1.00. The 
coefficient of soybean meal price is $0.13 during the period from March 2007 to December 2010 
and the period from October 2014 to March 2015. During the period from January 2011 to 
September 2014, the coefficient of soybean meal is $0.19. From the months of June through 
September the seasonal indicators estimate the price of DDGS will be approximately $20 lower 
than it would be, all else equal, in the month of December. The r-squared for the regression is 
0.89, which indicates the model explains approximately 89 percent of the variation in the price of 
DDGS. The standard error of the regression is $18.21. 
3.3 DDGS Price Discovery and Cross Hedging Studies     
 A number of studies have attempted to examine how DDGS traders, producers and 
consumers hedge DDGS market price risk and what methods they use for price discovery. These 
studies used OLS models to attempt to estimate an equation for effective cross hedging7 DDGS, 
surveyed producers and, in one case, fitted a Vector Error Correction model (VECM). The 
coefficients from the models can be used to determine the effectiveness of cross hedge DDGS 
with corn futures and/or soybean futures. A survey of ethanol producers in July 2009 provided an 
idea of how active market participants view the factors that drive DDGS prices. Models and 
surveys of market participants suggested that corn and soybean meal prices are closely 
associated with DDGS prices. Another study found that including crude oil or ethanol prices in 
the models of DDGS prices did not improve the models and that there was no evidence that 
ethanol and crude oil prices explain variations in the price of DDGS. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 Cross hedging refers to hedging a position by taking an offsetting position in a different commodity that 
has similar price movements.
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Schroeder (2009) examines the current price risk management practices in the DDGS 
industry. As the use of DDGS increase in importance, producers, trading firms and feeders have 
had to come up with creative ways to manage their exposure to DDGS prices. At the time of 
Schroder’s paper, no DDGS futures contract existed. Since then an attempt has been made to 
create an active, liquid DDGS futures contract8, but none have been successful9. This means that 
participants in the DDGS spot market have a limited number of options to reduce price risk—
mainly forward contracts and cross hedging. Schroder identifies the corn and soybean meal 
futures contracts as the two most likely to prove beneficial in cross-hedging DDGS. He examines 
the contracts cross hedging potential separately but does not examine whether cross hedging with 
both corn and soybean futures would be effective. To effectively cross hedge the DDGS cash 
price movements must be well explained by futures prices. If the variation is high the hedge will 
not offset the risk of the DDGS cash position effectively. A high R-square value will indicate 
that there is strong correlation and that cross hedging may be effective. 
To test the potential cross-hedging use of the corn futures contract, Schroder first 
regresses Macon, Missouri spot DDGS price10 on the price of nearby corn futures price. The 
regression predicts that a $1.00 per bushel increase in the price of the nearby corn futures 
contract will lead to a $21.19 per ton increase in the price of Macon DDGS. To cross hedge one 
ton of DDGS the opposite position in 21.19 bushels of the nearby corn futures should be 
purchased. The regression has a high R-squared of 0.79—indicating that the regression explains 
79 percent of the variation of Macon, Missouri spot DDGS price. The standard error of the 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 The CME Group launched a DDGS futures contract on April 26, 2010. 
9 Two months after its launch the DDGS futures market only had 11 active contracts. As of February 6, 
2015 there are no active contracts.	  
10 The University of Missouri Extension reports DDGS spot prices at Macon, Missouri on a weekly basis. 
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regression is $12.52 per short ton, which is the typical amount of variation between the predicted 
value of DDGS prices and the actual price of DDGS.  
Schroder also examines the relationship between DDGS and soybean meal prices by 
regressing Macon, Missouri spot DDGS price11 on the price of nearby soybean meal futures 
price. The regression predicts that a $1.00 per ton increase in the price of the nearby soybean 
meal contract will lead to a $0.38 per ton increase in the price of Macon DDGS. To cross hedge 
a ton of DDGS the opposite position in 0.38 tons of the nearby soybean meal futures should be 
purchased. The regression has an R-square of 0.77-- indicating that the regression explains 77 
percent of the variation of Macon, Missouri spot DDGS price. The standard error of the 
regression is $13.02 per ton. He concludes that DDGS market price risk is most effectively cross 
hedged with corn futures contracts, but warns there is still significant risk associated with cross 
hedging distillers’ grain with corn futures. 
Stroade et al. (2010) conducted a survey of ethanol plants in July 2009 to determine the 
importance of distillers’ co-products to the overall profitability of ethanol plants.  It also 
examined distillers’ grain (DG) price discovery and methods being used to manage DG market 
price risk. The survey focused exclusively on ethanol plants that use ethanol or milo (sorghum) 
as a feedstock and produced at least 10 million gallons of ethanol a year12. Ethanol plants were 
asked what information they used to determine the transaction price of the DG they produce. 
Corn futures were the most widely used source with 87 percent of respondents using them to 
establish DG market prices. The second most common source was soybean meal futures. Around 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11 The University of Missouri Extension publishes Macon, Missouri spot DDGS prices on a weekly basis. 
http://agebb.missouri.edu/dairy/byprod/bplist.asp 
12 The 125 ethanol plants that participated in the survey represented 65 percent of ethanol production as of 
July 2009. 
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43 percent of ethanol plants use soybean meal futures to aid in formulating DG transaction prices. 
Responses indicating the use of USDA price sources (16%), other price sources (23%) or no use 
of external sources (3%) represented a smaller portion of the responses. The percentages add up 
to over 100 percent, which indicates that 44 percent of ethanol plants use multiple sources.  
The plants were also asked what methods they use in DG price discovery and risk 
management. When asked about the methods used for price discovery 65 percent of those who 
responded indicated that they use some sort of formula for pricing. Other methods included 
forward contracts (21%) and cash pricing (54%). Around 27 percent of ethanol plants use more 
than one method for price discovery. When risk management methods were examined it was 
found that 45 percent of respondents cross-hedged using corn futures and 40 percent used 
forward contracts. Twenty-one percent used both methods. 
Murguia and Lawrence (2010) seek to examine whether including ethanol and crude oil 
futures in a model for DDGS leads to a better model that can be used by market participants to 
effectively cross hedge. They use weekly data starting in 10/03/2006 and ending 05/27/08. The 
short period was used to minimize the impact of the financial crisis on the models. They found 
that there exists a long-run relationship between Iowa DDGS spot price, nearby corn futures 
price and nearby soybean meal futures price in the model (cointegration.) When crude oil futures 
prices were added the VEC model had a rank of two and when all energy prices were included 
the VEC model had a rank of four; thus, no models including crude oil futures prices or all of the 
energy prices were included. Two models were estimated: one with both constant and trend and 
one with only trend. In the model with only trend the coefficient of soybean meal futures price 
was not statistically significant. Both soybean meal futures price and corn futures price were 
significant in the model with both constant and trend. They find that the OLS models can be 
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more effectively used for cross hedging and that crude oil and ethanol prices can be included in 
the OLS models to increase cross hedge effectiveness.  
3.4 Studies Examining the Cointegration between Feed Grains and DDGS  
 A number of studies exist that examine whether cointegration exists between feed grains 
and DDGS. The majority of these studies are focused on determining if DDGS prices in different 
regions of the United States are cointegrated. The studies typically include corn and soybean 
meal futures prices in their analysis, but do not use the local spot prices of corn and soybean 
meal. Other empirical methods that are used include VECM, Granger causality testing, impulse 
response functions, and variance decomposition.  
Anderson et al. (2008) set out to examine whether alternative feeds can mitigate grain 
prices that are under pressure from the increasing demand for corn from ethanol plants. They 
hypothesize that corn and DDGS prices should be highly correlated if they are good substitutes 
as the animal science literature suggests that they are. The Johansen cointegration test indicates 
that the price of Central Illinois DDGS and Texas corn are cointegrated. The Chow test suggests 
that there is a significant structural break around the year 1998. Two VECMs are then fitted for 
the time periods. Though the relationships are initially weak the results show that cointegration 
seems to strengthen as the DDGS market develops after the implementation of the US Energy 
Act mandates. 
Van Winkle and Schroeder (2008) examine whether cointegration exists between DDGS, 
corn and soybean meal prices in select markets from 2001 to 2006. The chief aim of their study 
is to determine whether the DDGS market is efficient by showing that DDGS prices in different 
regions are cointegrated with each other. They also examine whether DDGS prices in different 
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regions are cointegrated with corn and soybean meal futures prices. In 11 domestic markets, they 
only find one that is cointegrated with corn and soybean meal futures prices. Granger causality 
tests are conducted and only find significant causality between corn futures prices and DDGS 
prices in one of the 11 markets. Four out of 11 markets have statistically significant granger 
causality between DDGS prices and soybean meal futures prices. The paper concludes that 
DDGS markets are relatively inefficient. 
Tejeda and Goodwin (2011) test for cointegration between a number of feed and cattle 
markets during two time periods. DDGS is not included in their analysis. The time periods are 
pre-ethanol mandate and post-ethanol mandate. The authors expect to find stronger cointegration 
during the post-ethanol mandate period as demand for corn from ethanol plants increases 
exponentially. They find evidence of cointegration in the second period among a group of six 
price variables-- four feed grain variables and two cattle variables. They find evidence of 
changes in the feed ration through two different methods, one using impulse response function 
and one using Granger causality tests. 
 Tejeda (2012) expands on his work with Goodwin by including DDGS in the analysis. 
Using a dynamic correlation framework, he finds that there is no correlation between DDGS and 
other feed grains in the time period before the ethanol mandate. Afterwards, a strong correlation 
is present. 
Johnson et al. (2015) study the price relationship between DDGS, corn, soybean meal and 
livestock outputs in the context of their geographic location and the dominant local livestock 
sector. The four locations used are Georgia, Iowa, California and Kansas. Corn price is shown to 
be a large contributor to variance in the spot price of DDGS in all four of the locations. The 
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affect of the other variables on DDGS is marginal compared to the affect of corn. They show that 
different regions have different demands for feed because of differing livestock and poultry 
populations. Model results are also examined through Granger causality tests and forecast error 
variance decomposition. 
3.5 Summary           
 This chapter gives an overview of the relevant literature. It is meant to provide the reader 
with an understanding of the current status of research on DDGS prices and to give an overview 
of methods being used in the research. The literature is missing a basic supply and demand 
analysis of the DDGS market. The majority of studies involving cointegration do not conduct 
weak exogeneity testing or Granger causality testing, which would provide academics and 
industry professional with further insight into the long-run dynamics of the DDGS market. 
Impulse response functions for analyses including DDGS are also missing from the literature. 
Also while there are numerous studies focused on cross hedging, there is a lack of studies that 
test the short-term forecasting ability of DDGS price models. These gaps in the literature are the 
motivation for this analysis moving forward. 
Section 3.2 examines basic studies that provide information on the drivers of DDGS 
prices. The studies accomplish this through basic graphical analysis and simple OLS models. 
The simple OLS models explain a high degree of the variation present in DDGS prices by 
regressing them on corn prices and soybean meal prices. However, these studies do not take into 
consideration the issues that arise when times series data are used.  
Section 3.3 summarizes the research done to understand DDGS price discovery and 
market risk management. Ethanol plants are surveyed to better understand what techniques are 
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used for price discovery. The majority of ethanol plants reported that they use formulas for price 
discovery and corn futures for DDGS price risk management and to determine DDGS transaction 
price. Research done to examine the effectiveness of cross hedging with corn and soybean meal 
futures used OLS and VEC models to estimate the relationship between DDGS price and corn 
and soybean futures. Cross hedging with corn futures contracts was found to be more effective 
than cross hedging with soybean meal futures contracts. 
Section 3.4 examines work done on the cointegration of feed grains and DDGS. Two of 
the papers find cointegration between spot DDGS prices and spot corn prices. Another paper 
only finds cointegration between spot DDGS prices in one of 11 local markets examined and 
nearby corn futures price. Granger causality between spot DDGS prices and corn futures prices 
is only found in one out of 11 markets and only in four out of 11 markets between spot DDGS 
prices and soybean meal futures. There is substantial evidence, in the academic literature, that 
cointegration between feed grains and DDGS is increasing in the post-ethanol mandate world. It 
is also noted that regional differences in spot DDGS price behavior may be quite different, which 
is due to regional differences in the kind of livestock or poultry being produced locally.  
Our research intends to examine whether or not spot DDGS prices are cointegrated with 
spot corn prices and/or spot soybean meal prices.  If they are cointegrated we will fit a VECM, 
so we can better understand the long-run equilibrium that exists. Few papers investigating 
cointegration among the variables exist that include recent data from the period after the 
financial crisis. Johnson et al. (2015) focus on the regional differences in the market, while we 
will be focused exclusively on the market in Iowa. We will also include Granger causality testing 
to determine the direction of causality.  
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4. THEORY, DATA AND METHODOLOGY                                      
4.1 Introduction          
 This chapter details the economic theory that supports the analysis of DDGS prices and 
explains the empirical methods that are used. Section 4.2 has a brief review of the animal science 
of feeding DDGS and uses the implications from animal science to classify corn and soybean 
meal as imperfect substitutes of DDGS. It is also noted that corn is an input in the production of 
DDGS. The impact of changes in the price of corn and soybean meal on the supply and demand 
curves of DDGS is examined. Section 4.3 provides a description of the data being examined. 
Section 4.4 details the OLS regression that will be fit to the data and explains its usefulness. 
Section 4.5 examines the time series models used in the modeling process, details how Granger 
causality testing will be conducted and explains the techniques used to examine the forecasting 
ability of the model. Section 4.6 provides a summary of the chapter.  
4.2 Theory           
 In Figure 3, the supply curve of DDGS can be seen. DDGS are a co-product of ethanol 
production and are produced at a fixed rate relative to the amount of ethanol produced, so the 
supply of DDGS is linked to the quantity supplied of ethanol. The maximum production capacity 
of ethanol plants in the United States is estimated at around 15.2 billion gallons of ethanol by 
Good (2014). The equivalent amount of DDGS, about 46 million short tons, is the maximum 
amount that can be produced by ethanol producers due to the linked nature of DDGS and ethanol 
production. Therefore, the DDGS supply curve will be upward sloping up to 46 million short 
tons, when it will become vertical. The ethanol blend wall13 has the potential to relocate this 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  13For a detailed explanation of the ethanol supply and demand curves and the way they are affected by 
the ethanol blend wall see Irwin and Good (2013b). 	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vertical section farther to the left, but this is only a possibility if ethanol exports are negligible. 
Recent work by Irwin and Good (2014b) shows that ethanol exports have grown significantly 
and that the ethanol trade balance has shifted to a net surplus allowing the industry to produce at 
levels near nameplate capacity14. This suggests that the blend wall may not constrain DDGS 
production and that the potential market for ethanol exports gives the industry the ability to 
produce near maximum production capacity. Accordingly, maximum ethanol production 
capacity is the constraint that will be used in this model. 
Figure 3 shows the demand curve for DDGS. Livestock and poultry producers can only 
include DDGS in the feed ration up to a certain level because of nutritional restrictions. This 
limit is unlikely to be reached anytime soon because according to Hoffman and Baker (2010) the 
livestock and poultry industry has the potential to use more than 65 million short tons of DDGS 
before nutritional restrictions are reached. Table 1 shows that feed and residual disappearance 
was about 28 million short tons during the 2013/14 corn marketing year, so there is enormous 
potential for further domestic feed use. Strong exports also mean that even when the maximum 
level that can be feed is reached domestically demand for DDGS still has virtually no limit. 
Therefore, it is unlikely that there is a level at which the demand curve becomes vertical. The 
demand curve will be constantly downward sloping. 
The relationship between corn and DDGS is unique in that corn serves as a production 
input of DDGS as well as being an imperfect substitute. Corn is the primary feedstock that is 
used in the ethanol production process of which DDGS are a co-product. If ethanol plant 
capacity is not constraining ethanol production and the price of corn increases it affects the 	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supply and demand curve of DDGS in two distinct ways. First, the supply curve of DDGS will 
shift to the left because the price of corn, a production input, is increasing. This will lead to a 
reduction in the quantity of DDGS, as well as an increase in DDGS price. Second, the demand 
curve for DDGS will shift to the right due to the rise in price of corn that is an imperfect 
substitute. This will lead to an increase in price and an increase in quantity. These two shifts 
happen simultaneously. The net affect of the two shifts caused by an increase in the price of corn 
is an increase in the price of DDGS and an undetermined change in the quantity of DDGS, which 
is dependent on the magnitude of the two shifts (Figure 4). A decrease in the price of corn will 
lead to demand curve shifting to the left and the supply curve shifting to the right. The net affect 
of the two shifts is a decrease in the price of DDGS and an undetermined change in the quantity 
of DDGS, which is again dependent on the magnitude of the two shifts (Figure 5). If ethanol 
production capacity is constraining ethanol production then the quantity supplied of DDGS will 
not change. Theory suggests that there should be positive correlation between the price of corn 
and the price of DDGS. 
Soybean meal is an imperfect substitute of DDGS. When the price of soybean meal 
increases, the demand curve for DDGS shifts to the right. This results in an increase in the 
quantity of DDGS and an increase in the price of DDGS (Figure 6). When the price of soybean 
meal decreases, the demand curve for DDGS shifts to the left. This results in a decrease in the 
quantity of DDGS and a decrease in the price of DDGS (Figure 7). Theory suggests that the price 
of DDGS and the price of soybean meal should be positively correlated. 
Changes in market supply and demand conditions lead to substitution between DDGS 
and corn and soybean meal. It is this substitution that drives changes in prices of the three goods. 
Market forces also have the ability to bring the relative prices of substitutes to a long-run 
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equilibrium. If the markets are closely related to a sufficient extent, a long-run equilibrium 
relationship between variables will exist. It is expected that this is the case in the relationship 
between DDGS and corn and soybean meal since DDGS are substitutes for corn and soybean 
meal.  
There is also expected to be a significant degree of seasonality in the price of DDGS due 
to their nutritional composition. For beef cattle, DDGS is a more efficient replacement for forage 
than corn because it leads to fewer digestive upsets. When forage is less available in the late fall 
and winter, we expect the price of DDGS to increase as demand temporarily increases (Hoffman 
and Baker, 2010). 
4.3 Data Description          
 The dataset used consists of weekly spot prices of Iowa dried distiller grain with solubles 
(DDGS) and Iowa corn prices FOB at Iowa ethanol plants, along with Iowa soybean meal spot 
prices FOB at Iowa soybean processing facilities. The data is from the week ending April 20, 
2007 to the week ending December 12, 2014. The DDGS and corn prices are acquired from the 
Iowa Ethanol Plant Report15 and its successor, the National Daily Ethanol Report16, both of 
which are from the USDA Agricultural Marketing Service. Soybean Meal prices were acquired 
from the Iowa Soybean Processor Report17 from the USDA Agricultural Marketing Service. The 
soybean meal and DDGS prices are in dollars per short ton and the corn prices were converted to 
dollars per short ton from dollars per bushel. 
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4.4 Regression Model 
 The analysis begins by fitting an OLS regression to the data; it will be a useful 
comparison to contrast with the findings of similar studies covered in the literature review. An 
OLS model will be estimated of the form: 
y = β0 +β1x1 +β2x2 +Γ1dQ1 +Γ2dQ2 +Γ3dQ3 +ε  
where y is equal to the price of DDGS, x1  is equal to the price of corn, x2 is equal to the price of 
soybean meal, dQ1 is binary variable that is equal to 1 during the first quarter of year and is 0 
otherwise,  dQ2  and dQ3  are defined like dQ1 , but represent the second and third quarter; and ε  
represents the error term. The β ’s and Γ ’s are the regression coefficients. β0 is the coefficient 
of the constant. β1  is the coefficient of the price of corn and β2  is the coefficient of the price of 
soybean meal. The  Γ  coefficients of the d -variables are interpreted as the estimated difference 
in price between the quarter they represent and the fourth quarter. All of the coefficients, and 
their level of statistical significance will be reported. The coefficients will tell us what the 
expected change is in the y-variable is for a one unit change in the associated x-variable. The r-
square of the model, which shows us how much of the variation in the y-variable is explained by 
the model, will also be reported. The last item that will be reported is the standard error of the 
regression, which shows the typical amount of variation between the y-variable and the predicted 
value of the y-variable from the model.  
 If a data series is not stationary it is said to have a unit root. The presence of a unit root 
indicates that shocks to the time series will have a permanent effect. If the process is stationary 
the shocks are expected to decay. Using data series that are non-stationary leads to the violation 
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of a few of the underlying assumptions of the classical OLS regression model. When non-
stationary data is used in OLS regression the errors will increase over time and are permanent, 
meaning that the variance is not finite. The errors will also be highly autocorrelated, which 
violates another assumption of OLS regression. This is made even more concerning because 
when non-stationary data is used in OLS regression, it can lead to spurious regression. When two 
or more variables have no causal relationship, but it is wrongly inferred that they do because of 
an unseen factor, it is called a spurious relationship. Spurious regression refers to the tendency of 
the use of non-stationary data in OLS regression to result in high R-square values, high overall 
significance and underestimated standard errors (Granger and Newbold, 1974). The Breusch-
Godfrey test will be conducted to test for autocorrelation among the errors. The regression is 
likely spurious if autocorrelation is present. The Breusch-Godfrey test was selected because it 
does not require all of the regressors to be strictly exogenous and allows for the presence of 
higher order serial correlation. 
4.5 Time Series Model         
 This section details the time series models and techniques used. Section 4.4.1 details the 
unit root tests used in the analysis. Section 4.4.2 discusses the cointegration test and vector error 
correction model (VECM). Section 4.4.3 examines the Toda-Yamamoto procedure for Granger 
causality testing that is used when integration and/or cointegration of an arbitrary order may be 
present. 
4.5.1 Unit Root Tests            
 The Augmented Dickey Fuller (ADF) test and the Kwiatkowski-Phillips-Schmidt-Shin  
(KPSS) test are used to determine whether the price series are stationary or non-stationary. The 
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null hypothesis of the ADF test is that the data series contains a unit root, which means it is non-
stationary. The ADF test is conducted by fitting an OLS regression model.  The model regresses 
the first difference of the variable on a constant, a time trend, the lagged level variable and a 
series of the lagged first differences of the variables. The number of lags for the ADF test were 
selected using the SIC. A maximum of 52 lags were allowed to account for seasonality. The 
Dickey Fuller test statistic is computed using the coefficient of the lagged level variable and it is 
compared to the critical values for the Dickey Fuller test. If the series is not integrated then the 
lagged level variable should not prove important in predicting the change in the variable 
(modeled using the first difference in the Dickey Fuller regression) after taking into the lagged 
first difference of the variable (Dickey and Fuller, 1979). The Kwiatkowski-Phillips-Schmidt-
Shin (KPSS) test will also be used since its null hypothesis is that the data series is stationary. 
KPSS uses the Lagrange Multiplier test and compliments ADF nicely (Kwiatkowski, et al., 
1992). To determine the amount the lagged variables are included in the test, the Akaike 
Information criteria (AIC), Schwarz-Bayesian Information criteria (SBIC) and Final Prediction 
Error criteria (FPE) will be used. It is important to note that the VECM will have one less lagged 
term than the underlying VAR model from which it is derived.  
4.5.2 Cointegration Test and VECM        
 When data series have the same unit root it is possible that there is a linear representation 
of all three variables that is stationary. If this relationship exists it is said the variables are 
cointegrated. Data series are cointegrated if they share a stochastic drift. The Johansen 
cointegration test allows for the possibility of multiple cointegrating relationships, so it will be 
used. Since we have three variables, it is possible that we may have at most two cointegrating 
relationships because this is the maximum amount of cointegrating equations that could be 
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linearly independent. It is also possible that there is only one cointegrating relationship that holds 
all three of our variables together. The null hypothesis of the Johansen trace test is that there are 
no more than r cointegrating relationships. The procedure increases the value of r until the null 
hypothesis is rejected (Johansen, 1991).  
 When cointegration exists between non-stationary series, there must be an error 
correction model maintaining it. The vector error correction model (VECM) that is frequently 
used in the literature to model long-run cointegrating relationships will be used. The VECM has 
a nice interpretation in the case of these variables. The cointegrating equation provides an idea of 
the long-term relationship between the prices of DDGS, corn and soybean meal. The idea of 
error correction present in the model suggests that prices will have a tendency to adjust back to 
this long-term relationship specified in the cointegrating equation. The model also allows for the 
inclusion of exogenous variables. Quarterly dummy variables will be used to control for the 
expected seasonality in the price of DDGS. The dummy variables must be centered or the 
estimator of the cointegrating vector will not converge properly (Johansen, 1995). A VECM is 
estimated, which is of the form: 
 
where K is equal to the number of endogenous variables, r is the number of cointegrating 
relationships, m is the number of centered seasonal indicator variables, p is the number of lags in 
the underlying VAR model, is a K x 1 vector of the endogenous variables,  is a K x r matrix 
of parameters,  is a K x r matrix of parameters, Γi is the i-th K x K matrix of parameters,  
is the K x 1 vector of coefficients on the m-th centered quarterly indicators,  is the m-th 
Δyt =α(β ' yt−1 +µ)+ ΓiΔyt−1 + v
i=1
p−1
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quarterly indicator variable,  and  are vectors of constants and  is the error term. K is equal 
to three in the model and three equations will be estimated: one equation for DDGS prices, one 
for corn prices and one for soybean meal prices.  
 A number of the parameters in the VECM will be of interest. The β '  parameter matrix 
and µ  constant vector provide the cointegrating equation. This equation represents the long-run 
price equilibrium of the three variables that are examined. The vector of the equilibrium 
adjustment coefficients α  will also prove interesting. It represents the speed at which prices will 
adjust back to the long-run price equilibrium when there are exogenous shocks. If the adjustment 
coefficient of any of the price series are not statistically significant then it will be possible to 
infer that that price series is weakly exogenous. The short-run coefficients matrix Γi provides 
insight into how changes affect the price series in the short-run. The vector of coefficients wm  
provides insight into the seasonality present in the prices of the three series. 
The VECM allows the use of impulse response functions. These will be used to analyze 
the effect of a shock in one variable on itself and the other variables being considered. 
Accumulated impulse response functions will be estimated by considering a one-unit shock’s 
effect over 20 weeks. In addition, 95% confidence bands are included in the graphs. 
4.5.3 Granger Causality Tests       
 Granger causality tests determine whether a particular time series is useful in predicting 
the values of another time series. If two or more time series are cointegrated then there must be 
Granger causality between them in at least one direction, although it can be in both directions. 
The converse is not true. The Toda-Yamamoto (1996) procedure will be used to test Granger 
causality since it permits testing even when the time series are integrated or cointegrated of an 
v µ εt
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arbitrary order. The model must be re-parameterized into a VAR model. The VECM is 
essentially a VAR with the error correction portion added and one less lag term. The VAR model 
used for Granger Causality testing must be adjusted so that VAR(k+d) is estimated where k is 
the number of lagged terms in the original model and d is the maximum order of integration 
present in the data series. The coefficients of the d lags included in the VAR must not be 
included in the Wald test to preserve the test statistic’s chi-square distribution. If a Granger 
causality test is conducted with the VECM, over rejections of the null hypothesis occur (Clarke 
and Mirza, 2006). 
4.5.4 Measures of Model Forecasting Ability       
 A number of techniques will be used to determine whether the model can be useful as a 
short-term forecasting tool. The VECM includes only lagged variables, and the values of the 
seasonal indicator variables are known. This means that the fitted value for t=i+1 can be 
calculated using a model that only includes observations t=0,..,i. Essentially, the information 
needed to calculate the fitted value for one period in the future is known. These dynamic 
forecasts can be used as inputs in order to acquire later dynamic forecasts as well.   
The model will be fit recursively to the data starting with the t=100 iteration to allow a 
reasonable number of observations to be included in the model. The dynamic predictions for four 
time periods ahead will be calculated. Fitting the model recursively ensures that the coefficients 
used to produce the dynamic forecasts are the ones that would have been used had the model 
been fitted at that specific time in the past. This will allow a fair assessment of whether the 
model is a useful forecasting tool. Once the recursive dynamic predictions are calculated, they 
are compared to a random walk (no change) baseline model. The use of a random walk model is 
fairly standard in the literature because it leads to easy comparisons with other results. The Mean 
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Squared Prediction Error (MSPE) is used as a measure of the predictive accuracy of the models. 
It is defined as: 





where n is the number of observations, yˆi is the ith predicted value of y, and yi is the ith observed 
value of y. The MSPE is calculated at four future time horizons for both the VECM and the 
random walk model. 
Additionally the directional accuracy of the VECM will be examined. The initial step is 
calculating the predicted change and comparing it to the observed change. If the sign of the two 
is the same, it is labeled a “success.” The VECM directional accuracy measure is interpreted as 
the percent of the time that the VECM forecasts the correct directional price change. This is done 
for all four of the time horizons.  
4.6 Summary           
 This chapter examines the relevant economic theory, describes the data and introduces 
the models that will be used in the analysis. Supply and demand curves are used to describe how 
changes in the prices of corn and soybean meal affect the price and quantity demanded of DDGS. 
Soybean meal is identified as a substitute of DDGS, while corn is identified as both a substitute 
and a production input of DDGS. The theoretical analysis predicts a strong relationship between 
the price of DDGS and the prices of corn and soybean meal. It predicts that the prices will be 
positively correlated. 
A detailed description of the methods used for the empirical analysis is provided. An 
OLS regression is going to be fit to the data to begin the analysis. The model is explained and 
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detail is given on what will be reported from it. The issues are described that frequently emerge 
when modeling time series data. Unit root tests are described and it is explained why the use of 
the ADF test and the KPSS test have been chosen. Next, cointegration is defined and the 
Johansen test explained, which is used to test if the data is cointegrated. If cointegration exists 
then a VECM will be fit to the data. The model and its interpretation are described in detail. A 
close examination of the parameters of the model and what they represent is also included. 
Finally, the Granger Causality test is examined. The Toda-Yamamoto procedure is used because 
it allows for the data to be integrated and/or cointegrated of an arbitrary order. This procedure 
prevents the results of the Granger causality testing from being affected by the cointegration test. 
There must be Granger causality in at least one direction if two or more data series are 
cointegrated. However, the converse is not true. Preforming Granger causality test will provide 
support and corroboration of the results from the VECM. The MPSE ration and directional 
accuracy measure are recursively fit and provide insight into the forecasting ability of the model. 
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5. RESULTS AND DISCUSSION                            
5.1 Introduction          
 Section 5.2 details the results of the regression model. Section 5.3 gives the results of the 
two unit root tests conducted—the ADF test and KPSS test. Section 5.4 gives the results of the 
lag selection test and then explains the results of the cointegration tests. It goes on to explain in 
detail the model coefficients and gives an overview of model fit statistics. Section 5.5 presents 
the results of the Granger causality tests conducted using the Todo-Yamamoto procedure.  
Section 5.6 reports the accuracy of the recursive forecasts of the model. Section 5.7 is a 
discussion of the model results. Section 5.8 provides a summary of the chapter. 
5.2 Regression Model  
Table 2 shows the summary statistics for the variables. Table 3 shows that the levels and the first 
differences of the variables are correlated in the way which we expected they would be from 
economic theory. The price series are plotted in Figure 8. The close relationship between corn 
price and the price of DDGS is apparent. There is also a weaker relationship that can be seen 
between soybean meal and DDGS prices. The relative prices DDGS and corn and of DDGS and 
soybean meal can be seen in Figure 9 and Figure 10. 
 The analysis begins by examining the results of the OLS regression model. The results 
can be found in Table 4. The estimated coefficients are 0.7828 for corn price, 0.1843 for soybean 
meal price and -39.77 for the intercept. This means that $1 increase in the price of corn per ton is 
expected to lead to a $0.78 increase in the price of DDGS per ton. A $1 increase in the price of 
soybean meal per ton is expected to lead to a $0.18 increase in the price of DDGS per ton. The 
coefficients for the d-variables are -0.77 for the first quarter, -10.58 for the second quarter and -
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20.09 for the third quarter. All else equal we expect the price of DDGS in the second quarter to 
be $10.58 lower than it would be in the fourth quarter. It is also expected that the price of DDGS 
in the third quarter would be $20.09 lower than it would be in the fourth quarter all else equal. 
The r-squared of the regression is .88, which means that the regression explains approximately 
88 percent of the variation in the price of DDGS. The standard error of the regression is 19.55, 
which means there is a 66 percent chance that the actual price of DDGS will be within $19.55 of 
the price predicted by the model. Figure 11 shows a plot of the model residuals. There seems to 
serial correlation present among them and further testing is needed. The Breusch-Godfrey test 
(Table 4) shows that there is autocorrelation among the errors. This means that the results from 
the OLS regression are likely spurious and the high R-square and statistical significance of the 
coefficients and standard error of the regression may be misleading. The estimates of the 
coefficients are still consistent though and the OLS model does a good job providing us with a 
general description of the interactions between the variables.  
5.3 Unit Root Tests          
 The three data series may be non-stationary because they are time series. Two tests will 
be preformed on the levels and first differences of the variables-- the ADF test and the KPSS test. 
The null hypothesis of the ADF test is that the data series is non-stationary, while the null 
hypothesis of the KPSS test is that the data series is stationary. Thus, the tests prove 
complementary. The results of the unit root tests can be found in Table 5 (ADF test) and Table 6 
(KPSS test.) 
For the data series DDGS price, the ADF test accepts the null hypothesis of non-
stationarity for the level of the data series and rejects the null hypothesis at the 1 percent 
confidence level in the first difference of the variable. This indicates that the data series has a 
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unit root of 1. Next, the ADF test of the variable corn price accepts the null hypothesis of non-
stationarity for the level of the data series and rejects the null hypothesis at the 1 percent 
confidence level in the first difference of the variable. It can be concluded that the data series 
corn price also has a unit root of 1. Finally, the ADF test is performed on the data series soybean 
meal price.  The null hypothesis of non-stationarity is accepted for the level of the data series and 
rejected for the null hypothesis at the 1% percent confidence level in the first difference of the 
variable. The ADF concludes that Soybean Meal price also has a unit root of 1. 
The KPSS test rejects the null hypothesis that the level of DDGS price is stationary at the 
1 percent confidence level and accepts the null hypothesis that the first difference of DDGS price 
is stationary. Next, the null hypothesis that the level of corn price is stationary is rejected at the 1 
percent confidence level and the null hypothesis that the first difference of DDGS price is 
stationary is accepted by the KPSS test. Finally, the KPSS test rejects the null hypothesis that the 
level of soybean meal price is stationary, but only at the 10 percent confidence level. The null 
hypothesis that the first difference of soybean meal price is stationary is accepted. The KPSS test 
concludes that all three of the data series have a unit root of 1. The results from the KPSS test 
and the ADF test agree and moving forward it is assumed all three of the data series have a unit 
root of 1. 
5.4 VECM Model Results          
 After concluding that the data series all have a unit root of 1, the appropriate lag length 
for the model must be determined. The FPE, AIC and SBIC model selection procedures are used. 
The results can be found in Table 7. The FPE and AIC suggest that the VAR should have six lags, 
while the SBIC suggest that two lags are sufficient. Models with both six and two lags were 
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examined and it was found that when only two lags are included in the model, serial 
autocorrelation problems arise; so 6 lags will be used for the VAR model.  
 When data series have the same unit root it is possible that they cointegrated. Since the 
three data series all have a unit root of 1, the Johansen cointegration test is conducted. The test is 
performed with 6 lags and the seasonal dummy variables included. The results can be found in 
Table 8. The trace and max-eigen test both conclude that there is one cointegrating relationship 
between DDGS price, corn prices and soybean meal prices. This means that the VAR model will 
have a VECM representation. When the VECM is derived from the VAR model one of the lag 
terms will be eliminated. The VECM has five lag terms. A constant is allowed for in the 
cointegrating equation and one constant is included as an exogenous variable. Centered quarterly 
seasonal variables are also included in the model. The results of the model can be seen in Table 9. 
 The cointegrating equation provides information on the long-term relationship that exists 
between DDGS price, corn price and soybean meal prices. The vector for the cointegrating 
equation parameters is [βDDGS   βCorn  βSBM ] = [1 -0.7717 -0.2616] and the constant µ =65.9678. 
Figure 12 has a graph of the cointegrating equation. The estimates of the parameters of the 
cointegrating equation are similar to the coefficient estimates from the OLS model. This is 
expected because the OLS coefficients are unbiased even though their standard errors are 
inefficient. All of the parameters are statistically significant at the 1% confidence level. When 
the prices deviate from this long-term relationship because of short-term shocks, the variables 
will adjust back to equilibrium at a rate determined by the coefficient α . It is determined that the 
coefficient α  is statistically significant at the 1% confidence level for DDGS price and soybean 
meal price, but it is not possible to reject the null hypothesis that α =0 for corn price. This means 
that corn price is weakly exogenous. In this context weakly exogenous means that corn price will 
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be the variable through which long-run shocks are transmitted into the model. DDGS price and 
soybean meal price will do the majority of the adjusting when the system is not at its long-term 
equilibrium. The α  for DDGS prices is -0.046, which means that DDGS price will adjust by 4.6 
percent of the amount the system is out of equilibrium every week until the long-term 
equilibrium is restored. Soybean meal has an α  of .208 meaning that it will adjust by 20.8 
percent of the amount the system is out of equilibrium every week until the long-term 
equilibrium is restored. Looking at the coefficients of the lagged variables in the three equations 
it is apparent that there are short-term effects present as well. The equation for DDGS price has 
the most lagged variable coefficients that are statistically significant. The seasonal dummy 
variables for quarter two and quarter 3 are also significant at the 5 percent confidence level and 
both negative. The results agree with the theory that there should be seasonality in the DDGS 
price series due to a higher inclusion being particularly advantageous to feeders when pasture is 
sparse during the winter. The seasonal dummy variable for quarter two is also significant at the 5 
percent significance level in the equation for soybean meal. It is interesting to note that when the 
seasonal dummy variables are not included the results change substantially. When the Johansen 
cointegration test is preformed without the seasonal dummy variable, we do not find evidence of 
any cointegrating relationship(s) between the three variables. 
Table 10 shows the model fit statistics. The Root Mean Squared Error for the DDGS 
equation is 5.9292. This indicates the 67 percent of the time the variation between the actual 
DDGS price is within +/- $5.93 per ton of the predicted DDGS price. The model is tested to 
make sure there is not an issue with serial autocorrelation. No autocorrelation is present at up to 
10 lags (Table 11.) The results from Figure 13 are reasonable evidence that VECM meets the 
stability condition. Overall, the model seems to fit the data very well and describes the 
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interaction between DDGS prices, corn prices and soybean meal prices in both the short run and 
the long run in a way, which is expected. Figure 14 shows the graphs of the accumulated impulse 
response functions for one unit shocks. The confidence bands show whether the impulse 
responses are statistically significant. 
5.5 Granger Causality Testing Results       
 Because the three price series are cointegrated, there must be Granger causality between 
them in at least one direction. It is possible that Granger causality exists in both directions, but 
not necessarily. In order to conduct the tests for Granger causality, the Todo-Yamamoto 
procedure is followed. The underlying VAR model is estimated, which has six lags. The 
maximum degree of integration of a data series included in the model is 1. A seventh lag term is 
added to the VAR model, but is included as an exogenous variable, so that it will not be included 
in the Wald test to prevent the test statistic from losing its chi-squared distribution properties. 
Then the test is performed. 
The results can be found in Table 12. They indicate that corn prices and soybean meal 
prices both Granger cause DDGS prices; the results are statistically significant at the 5 percent 
confidence level and one percent confidence level respectively. It is concluded that DDGS prices 
do not Granger cause corn prices. Soybean meal prices Granger cause corn prices, but are only 
mildly statistically significant. Neither corn prices nor DDGS prices Granger cause soybean meal 
prices. 
5.6 Measures of Model Forecasting Ability       
 It is important to determine whether the model is useful as a short-term forecasting tool. 
This is accomplished by comparing the model to a baseline random walk model. The MPSE ratio 
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indicates that the VECM may be a superior forecasting tool than random walk model when it is 
below unity. Table 13 contains the results. Time horizons one, two and three have MPSE ratio 
values of 0.8793, 0.9198 and 0.9468, respectively. These ratio are below unity which shows that 
the VECM is a superior forecasting tool relative to the random walk model in the first three time 
horizons. Time horizon four has an MPSE ration above unity, 1.0181, suggesting that a random 
walk model may be the superior forecasting tool when forecasting four periods ahead. 
 The directional accuracy percentages indicate whether the models forecast the directional 
of future price movements accurately. The results can be found in Table 13. The directional 
accuracy of the first three time horizons is approximately 65 percent, 64 percent and 60 percent, 
respectively. These values are all better than the 50 percent benchmark from a random walk 
forecast. The directional accuracy of the fourth time horizon is about 55 percent. So even though 
the VECM does not lead to a reduction in the MSPE, it yields an improvement in directional 
accuracy, meaning that the VECM model may still be a valuable forecasting tool in the fourth 
time horizon. 
5.7 Discussion           
The long-run equilibrium relationship that was observed makes sense in the context of 
the animal science literature. When the relative value of DDGS compared to corn or soybean 
meal becomes too high or low, livestock and poultry feeders will substitute feed inputs so that 
they use the lowest cost commodities possible subject to nutritional constraints which are 
included in the feed ration. This substitution is at the root of the cause of the long-run 
equilibrium relationship in the model. The nutritional composition of the three commodities is 
consistent and there should be an underlying relative value of the commodities, which leads to a 
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price equilibrium in the long run. When one of the commodities becomes relatively expensive or 
inexpensive compared to the other industry professionals should expect the price series to adjust 
back towards the equilibrium. 
The strong impact of corn prices on the price of DDGS is well documented in the 
literature. As both a substitute and a production input they are the main driver of DDGS prices. 
Corn price is weakly exogenous so it will be the variable through which long-run shocks are 
transmitted into the model. Corn is stored more easily than DDGS or soybean meal so the spot 
price of corn should be more closely connected to future market conditions. This connection is 
due to the fact that arbitrage through the long-term storage of corn is possible. Soybean meal and 
DDGS are not storable so it will be up to them to adjust to the spot price of corn in order to 
maintain market share. As DDGS has been included in the feed ration at higher levels the impact 
that protein prices have on DDGS prices has been questioned. It is concluded that soybean meal 
prices still have an important effect on DDGS prices. Also seen is empirical evidence of the 
seasonality in DDGS prices as described by Hofmann and Baker (2010). When dummy variables 
are not included to account for this seasonality, evidence is not found that any cointegrating 
relationship exists. The model was also fitted using the logs of the variables. The only difference 
is that soybean meal granger causes corn at α=.05 instead of α=.10. The other findings (weak 
exogeniety, cointegration, 6 lags, stable VECM) are all the same.  
The MPSE ratio and directional accuracy measure show that model has some short-term 
forecasting ability. MPSE reductions relative to a baseline random walk model are seen when 
using the model to forecast one, two and three time horizons ahead. However, there is no MPSE 
reduction relative to a random walk model for four time periods ahead. There is also improved 
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directional accuracy in all of the time horizons. This suggests that the VECM may have value as 
a forecasting tool. 
While a number of studies have examined whether cointegration exists between DDGS, 
soybean meal and corn prices, very few have been conducted recently. In the past, the focus has 
been on exploring opportunities to effectively cross hedge DDGS with corn and/or soybean meal 
futures contracts and to examine price discovery mechanisms. This study seeks to provide a 
broad analysis of what forces drive the price of DDGS, while controlling for issues associated 
with time series data. The inclusion of dummy variables in the analysis is unique. The core 
finding is that corn and soybean meal prices have a strong effect on DDGS prices and that a 
long-run equilibrium exists between the three commodities’ prices series. It is also interesting 
that corn is weakly exogenous. It is also shown that the VECM has merit as a short-term 
forecasting tool at up to four time horizons. Hopefully, the analysis will provide a firm basis for 
future academic work that explores events in the DDGS market and examines the price 
relationship between the components of the livestock and poultry feed ration. The forecasting 
ability of the model gives it the potential to be a useful tool for buyers and sellers of DDGS. As 
ethanol producers, DDGS marketers and livestock and poultry producers continue to try get a 
better handle on the DDGS market the model offers them a short-term forecasting tool that is an 
improvement over random walk models. 
5.8 Summary           
 This chapter presented the findings of this empirical model and discussed their 
implications. The results of the OLS model are reported and interpreted. A fair amount of 
attention was paid to the unit root tests because they have been ignored occasionally in the 
literature. The results of the VECM are explained in detail, as are the results of the lag selection 
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procedure and Johansen cointegration tests. The results of the Granger causality tests are 
discussed and the use of the Todo-Yamamoto procedure used to obtain the results are detailed. It 
is concluded that the findings of the Granger causality tests corroborate the findings of the 
Johansen cointegration tests, which found one cointegrating relationship. The ability of the 
model to forecast at up to four time horizons is examined. Afterwards, the results of the model 
and how they align with the expectations, economic theory and previous research are discussed. 
It is discovered from the evidence in the model that corn is weakly exogenous, which 
complements the expectation that corn is the primary driver of DDGS prices, but that soybean 
meal also plays a role. 
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6. CONCLUSIONS 
6.1 Summary and Review 
The goal of this thesis is to provide information to participants in the DDGS market. The 
dynamics of the DDGS market are still not well understood and further clarity in this area would 
benefit market participants. Corn is identified as a substitute of DDGS and soybean meal is 
identified as a substitute of DDGS. This study examines the supply and demand curves of DDGS 
and examines how changes in corn and soybean meal prices will shift the curves and what the 
outcomes of these shifts will be. It is anticipated that DDGS prices will move with the corn 
prices and soybean meal prices. Initially, an OLS regression is fit to the data. Quarterly seasonal 
indicator variables are included in the regression as well. Serial correlation is present among the 
residuals indicating that the standard errors of the regression are incorrect. Unit root tests are 
conducted because if the data is non-stationary then the model is incorrectly specified. 
The time series methods used are well documented in the literature. Unit root tests are 
used to examine whether the data series are stationary. A model lag selection procedures is used 
to determine the appropriate number of lags to include in the VAR model. Once it is determined 
that DDGS, corn and soybean meal prices are cointegrated, a VECM representation of the 
underlying VAR model is used. The VECM model allows for a long-run equilibrium to exist 
between the variables. The variables will adjust back to this equilibrium in the long run at a rate 
that depends on the magnitude of the adjustment coefficient. Granger causality tests are 
conducted following the Todo-Yamamoto procedure, which makes no assumption that the 
variables are cointegrated, in order to prevent any biasing from pre-test testing. 
The results find that the three series are cointegrated and that a statistically significant 
cointegrating equation that describes their long-run relationship exists. It is found that corn is 
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weakly exogenous, which suggests that corn prices are transmitting exogenous shocks to the 
model in the long run. This is due to the fact that corn is relatively storable compared to soybean 
meal and DDGS. This means spot corn prices have a stronger connection to future market 
conditions than DDGS or soybean meal prices do. Evidence also exists of seasonality in the 
model and it is noted that when seasonality is not controlled for with dummy variables that the 
results differ substantially. Graphs of the impulse response functions with confidence bands are 
included. Granger causality test corroborates the findings from the VECM model and gives 
insight into the directionality of the causality between the three variables. It is found that corn 
and soybean meal prices both Granger cause DDGS prices and that soybean meal prices weakly 
Granger cause corn prices. It is concluded in the Iowa market during the time period examined 
that strong evidence exists that there is a long-run relationship between the three prices series 
and that corn is the main method by which exogenous shocks are transmitted into the model in 
the long run. Most of the adjustment back to the long-run equilibrium is done by DDGS prices 
and soybean meal prices. These findings are in agreement with the animal science literature and 
economic theory on substitutes and production inputs. 
The short-term forecasting of the model is also examined and it is found that the VECM 
leads to reductions in the MSPE at up to three time horizons. The model also shows an 
improvement in directional accuracy at up to four time horizons. The short-term forecasting 
ability of the model could be a valuable tool for ethanol producers who are constantly seeking to 
maximize co-product revenue from DDGS or livestock and poultry producers who are 
optimizing feed mixtures based on the price of ingredients. 
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6.2 Limitations and Future Work 
 The findings of this thesis have certain limitations. The primary limitation is that the data 
examined is specific to the state of Iowa. Johnson et al. (2015) describe the demand differences 
between markets in different regions. Livestock production in Iowa centers mainly on hog 
production and it is expected that the price relationship between local DDGS, corn and soybean 
meal spot prices will reflect the dietary needs of hogs strongly. Other works suggest that the 
domestic DDGS market is inefficient, so generalizing these Iowa specific results to the aggregate 
domestic DDGS market would be inappropriate. Future works on national level data would 
prove helpful. 
Another shortcoming of the model is there was no test for structural breaks. Recent 
events in the DDGS market, such as the Chinese government’s ban on DDGS imports for the 
entirety of 2014 or the run up protein prices modeled by Irwin and Good (2015), could lead to 
structural breaks in the price relationships. For now the long-run equilibrium seems stationary, 
but this could change in the future. Innovation accounting might also provide more detail about 
the way in which price movements are transmitted among the variables on a short-run timescale. 
This could be done in the form of impulse response function and forecast error variance 
decompositions.  
  





Marketing Year 2000/01 2001/02 2002/03 2003/04 2004/05 2005/06 2006/07 2007/08
US Corn Production 325.9 319.5 296.2 313.3 357.7 370.6 350.3 402.1
Ethanol Prod. Usage 17.6 19.8 27.9 32.7 37.0 44.9 59.3 85.4
Ethanol Plants 2.5 2.9 4.8 6.3 7.7 10.1 13.7 21.8
Beverage Industry 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Imports 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.1
Total DDGS Supply 3.5 3.9 5.8 7.2 8.7 11.1 14.9 22.9
Feed and Residual 3.5 3.9 5.8 7.2 8.7 11.1 13.0 18.6
Exports 0.0 0.0 0.0 0.0 0.0 0.0 2.0 4.3
Total DDGS Usage 3.5 3.9 5.8 7.2 8.7 11.1 14.9 22.9
Table 1:Distillers' Grain: Supply and Disappearance 
Million Short Tons 





   
Marketing Year 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 (est.)
US Corn Production 383.1 413.0 396.5 377.2 333.3 413.9 433.2
Ethanol Prod. Usage 103.8 128.5 140.5 140.0 130.0 143.6 144.9
Ethanol Plants 28.7 35.7 39.2 39.0 35.8 39.2 39.4
Beverage Industry 1.0 1.0 1.0 1.0 1.1 1.1 1.1
Imports 0.3 0.4 0.4 0.4 0.4 0.6 0.4
Total DDGS Supply 30.0 37.2 40.7 40.5 37.4 40.9 40.9
Feed and Residual 24.5 28.0 31.5 32.1 28.3 27.7 29.3
Exports 5.5 9.1 9.1 8.4 9.0 13.2 11.6
Total DDGS Usage 30.0 37.2 40.7 40.5 37.4 40.9 40.9
Table 1 (cont.)
Source: USDA-World Agricultrual Supply and Demand Estimates and ERS
Million Short Tons 
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      Variable Observations Mean Std. Dev. Min Max 
DDGS Price 401 166.99 55.82708 74.75 305.00 
Corn Price 401 179.34 54.24828 104.29 295.36 
Soybean Meal Price 401 360.15 85.72477 176.70 609.50 
*All units are $ per short ton 
    
      Table 2: Summary Statistics for all variables 
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Levels 
   
Correlation Coefficients DDGS Price Corn Price Soybean Meal Price 
DDGS Price 1.0000 0.8916 0.6351 
Corn Price   1.0000 0.4629 
Soybean Meal Price     1.0000 
    First Differences 
	   	   	  Correlation Coefficients DDGS Price Corn Price Soybean Meal Price 
DDGS Price 1.0000 0.4297 0.2021 
Corn Price   1.0000 0.3671 
Soybean Meal Price     1.0000 
    
    Table 3: Correlation Matrices for Levels and First-Differenced Variables 
 
  





  Coefficients Standard Errors P-value 
Corn Price 0.7699 0.0206 0.000 
Soybean Meal Price 0.2072 0.0132 0.000 
Quarter 1 -0.7702 2.8420 0.787 
Quarter 2 -10.5834 2.7397 0.000 
Quarter 3 -20.0890 2.7590 0.000 
Constant -39.7695 4.8340 0.000 
SE of the Regression=  19.552 
  
    lags(p) P-value 
  1 0.000 
  2 0.000 
  3 0.000 
  4 0.000 
  5 0.000 
  Null Hypothesis: No Serial Correlation 
  
    Table 4: OLS Regression Output and Breusch-Godfrey LM test for 
Autocorrelation 
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Augmented Dickey-Fuller (ADF) Test with Trend and Intercept 
	   	  
   
  
	   	  Variable Test Statistic P-value Decision 	  	  
	  DDGS price (level) -2.202419 0.4864 Accept Null 
	   	  DDGS price (1st Difference) -9.939478 <0.0001 Reject Null ***	  
	  Corn price (level) -1.349244 0.8739 Accept Null 
	   	  Corn price (1st Difference) -19.22892 <0.0001 Reject Null ***	  
	  Soybean Meal price (level) -2.984505 0.1379 Accept Null 
	   	  Soybean Meal price (1st Difference) -12.93894 <0.0001 Reject Null  ***	  
	  ***p<.01, **p<.05, *p<.10 
 
  
 	   	  
    	   	  Null Hypothesis: Data Series has Unit Root (non-stationary) 
 	   	  Notes: Number of lags selected based on SIC 
  	   	  
    	   	  Table 5: Augmented Dickey-Fuller Tests for Levels and First Differences of Variables 
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DDGS price (level) 0.223 0.216 0.119 Reject Null *** 
DDGS price (1st Difference) 0.085 0.216 0.119 Accept Null  
Corn price (level) 0.266 0.216 0.119 Reject Null *** 
Corn price (1st Difference) 0.081 0.216 0.119 Accept Null  
Soybean Meal price (level) 0.137 0.216 0.119 Reject Null * 
Soybean Meal price (1st Difference) 0.063 0.216 0.119 Accept Null 
***p<.01, **p<.05, *p<.10 
     
      Null Hypothesis: Data Series is stationary 
    Notes: Number of lags selected based on Newey-West Bandwidth 
 
      Table 6: KPSS Tests for Levels and First Differences of Variables 
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Number of Obs. = 389 
Lag df FPE   AIC   SBIC   






























 6 9 838,216  *  22.152 * 22.825 





 8 9 876,313   22.196   23.052   
Endogenous: DDGS price, Corn price, Soybean Meal price 
 Exogenous: Seasonal Indicator Variables 
    
        Table 7: Model Lag Selection Procedure 
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   Johansen Cointegration Tests for DDGS price, Corn Price and Soybean Meal price with 
seasonal indicator variables 
Hypothesized Trace   Max-Eigen   
No. of CE(s) Statistic P-Value** Statistic P-Value** 
          
None*  35.03874 0.0114 26.02532 0.0094 
At most 1 9.01342 0.3641 6.652972 0.5310 
At most 2 2.360449 0.1244 2.360449 0.1244 
      Trace and Max-Eigen tests indicates 1 cointegrating equation at the 0.05 level 
 * Denotes rejection of the hypothesis at the 0.05 level 
  **MacKinnon-Haug-Michelis (1999) p-values 
  
     
     Table 8: Johansen Cointegration Test  
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Constant DDGS price Corn price
Soybean 
Meal price
Error Correction Vector β 65.96779 1 -0.771654 -0.2616
Std. Error N/A N/A -0.07145 -0.04769
p-value N/A N/A 0.000 0.000
Variable Coefficient Std. Error p-value
DDGS price α -0.04614 0.01787 0.010 ***
DDGS lag1 0.12032 0.0575 0.036 **
DDGS lag 2 0.218919 0.05808 0.000 ***
DDGS lag 3 0.128725 0.05781 0.026 **
DDGS lag4 -0.005904 0.05733 0.918
DDGS lag 5 -0.023495 0.05436 0.666
Corn lag1 0.088355 0.04346 0.042 **
Corn lag2 -0.043104 0.04357 0.323
Corn lag3 0.020236 0.04305 0.638
Corn lag4 -0.109702 0.04274 0.010 ***
Corn lag5 0.001659 0.04279 0.969
SB Meal lag1 0.059131 0.01534 0.000 ***
SB Meal lag2 -0.01651 0.01572 0.294
SB Meal lag3 0.009154 0.01563 0.558
SB Meal lag4 0.009102 0.01576 0.564
SB Meal lag5 -0.007919 0.01561 0.612
Constant 0.007236 0.29923 0.574
Quarter 1 0.030626 0.88588 0.972
Quarter 2 -2.099642 0.89385 0.019 **
Quarter 3 -1.994438 0.94659 0.035 **
Corn price α 0.029249 0.02563 0.254
DDGS lag1 -0.029047 0.08247 0.725
DDGS lag 2 0.176005 0.0833 0.035 **
DDGS lag 3 -0.01936 0.0829 0.815
DDGS lag4 0.0527 0.08222 0.522
DDGS lag 5 0.035001 0.07795 0.653
Corn lag1 0.01521 0.06233 0.807
Corn lag2 -0.060907 0.06249 0.330
Corn lag3 -0.006173 0.06175 0.920
***p<.01, **p<.05, *p<.10
Table 9: VECM Output
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Corn lag4 -0.151099 0.06129 0.014 **
Corn lag5 0.028678 0.06136 0.640
SB Meal lag1 0.049996 0.02199 0.023 **
SB Meal lag2 -0.014821 0.02255 0.511
SB Meal lag3 -0.016192 0.02242 0.470
SB Meal lag4 -0.000504 0.02261 0.982
SB Meal lag5 -0.04032 0.02239 0.072 *
Constant 0.043372 0.42915 0.553
Quarter 1 0.754414 1.27051 0.439
Quarter 2 0.993057 1.28194 0.717
Quarter 3 -0.491637 1.35757 0.889
Soybean Meal Price α 0.207863 0.06019 0.001 ***
DDGS lag1 -0.24323 0.19364 0.209
DDGS lag 2 0.154506 0.19558 0.430
DDGS lag 3 0.044844 0.19466 0.818
DDGS lag4 0.005615 0.19305 0.977
DDGS lag 5 -0.283903 0.18304 0.121
Corn lag1 0.269556 0.14636 0.066 *
Corn lag2 0.199309 0.14672 0.174
Corn lag3 0.269397 0.14499 0.063 *
Corn lag4 0.112499 0.14391 0.434
Corn lag5 0.094548 0.14408 0.512
SB Meal lag1 0.096534 0.05164 0.062 *
SB Meal lag2 -0.040834 0.05294 0.440
SB Meal lag3 -0.10257 0.05264 0.051 *
SB Meal lag4 -0.028095 0.05308 0.597
SB Meal lag5 -0.316487 0.05257 0.000 ***
Constant 0.791502 1.00766 0.876
Quarter 1 0.466478 2.9832 0.009 ***
Quarter 2 7.819511 3.01006 0.135
Quarter 3 4.758811 3.18763 0.964
***p<.01, **p<.05, *p<.10
Table 9 (cont.)
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DDGS Corn SBM 
 R-squared 0.230612 0.073956 0.184988 
 Adj. R-squared 0.19163 0.027036 0.143694 
 Sum sq. resids 13183.27 27116.08 149499 
 S.E. equation 5.929198 8.503502 19.96657 
 F-statistic 5.915822 1.57622 4.479787 
 Log likelihood -1253.275 -1395.708 -1732.872 
 Akaike AIC 6.446961 7.168139 8.875302 
 Schwarz SC 6.648424 7.369602 9.076765 
 Mean dependent 0.057595 0.018987 0.516329 
 S.D. dependent 6.594637 8.620837 21.5769 
     Determinant resid covariance (dof adj.) 705464.5 
  Determinant resid covariance 603639.6 
  Log likelihood -4310.312 
  Akaike information criterion 22.14335 
  Schwarz criterion 22.77796   
    Table 10: Model Fit Statistics 
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  Lagrange Multiplier Test 
Lag chi-square df p-value 
1 2.0363 9 0.99088 
2 5.1882 9 0.81761 
3 5.1503 9 0.82101 
4 11.2056 9 0.26188 
5 13.4623 9 0.14278 
6 3.9386 9 0.91541 
7 12.5735 9 0.18288 
8 10.3519 9 0.32275 
9 5.4939 9 0.78931 
10 14.2778 9 0.11278 
Null Hypothesis: No serial auto correlation at lag order 
    Table 11: Serial Autocorrelation Test 
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     VAR Granger Causality/Block Exogeneity Wald Tests Obs=394 
     Dependent variable: DDGS 
price 
    Excluded Chi-sq df Prob.   
Corn price 16.37954 6 0.0119 ** 
Soybean Meal price 20.99071 6 0.0018 *** 
***p<.01, **p<.05, *p<.10         
     
     Dependent variable: Corn price 
    Excluded Chi-sq df Prob.   
DDGS price 8.271353 6 0.2189 
 Soybean Meal price 11.52152 6 0.0735 * 
***p<.01, **p<.05, *p<.10         
     
     Dependent variable: Soybean Meal price 
   Excluded Chi-sq df Prob.   
DDGS price 7.297578 6 0.2942 
 Corn price 1.815943 6 0.9358 
 ***p<.01, **p<.05, *p<.10         
     
     Table 12: Granger Causality Test 
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Weekly Horizon VECM MSPE Random Walk MSPE MPSE Ratio VEC Directional Accuracy
1 43.524 49.4988 0.8793 64.86%
2 113.605 123.5132 0.9198 63.51%
3 209.158 220.9183 0.9468 60.14%
4 345.606 339.4750 1.0181 55.07%
Bold%values%indicate%an%improvement%over%baseline%random%walk%model.
Table 13: Accuracy of Recursive Forecasts
























































































Ethanol Plant Production Beverage Distillers Production Imports 
	  	   68	  
 
  




















































































Feed and residual Exports 
	  	   69	  























DDGS Quantity (million short tons) 
Supply Demand 
	  	   70	  























DDGS Quantity (million short tons) 
Supply Demand 
	  	   71	  























DDGS Quantity (million short tons) 
Supply Demand 
	  	   72	  
 























DDGS Quantity (million short tons) 
Supply Demand 
	  	   73	  
 























DDGS Quantity (million short tons) 
Supply Demand 
	  	   74	  
 
  
























































































































































Corn Price DDGS Price Soybean Meal Price 
	  	   75	  
  


















































































































	  	   76	  
  


















































































































	  	   77	  
  












































































































































































































































	  	   79	  
 
Figure 13:	  VECM: Graph of Roots of Companion Matrix 
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Figure 14: VECM Forecast Error Impulse Responses
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